Aflatoxins are highly toxic and carcinogenic compounds produced by certain Aspergillus species on agricultural commodities. The presence of fatty acid hydroperoxides, which can form in plant material either preharvest under stress or postharvest under improper storage conditions, correlates with high levels of aflatoxin production. Effects on fungal growth and aflatoxin production are known for only a few of the numerous plant metabolites of fatty acid hydroperoxides. Jasmonic acid (JA), a plant growth regulator, is a metabolite of 13-hydroperoxylinolenic acid, derived from a-linolenic acid. The volatile methyl ester of JA, methyl jasmonate (MeJA), is also a plant growth regulator. In this study we report the effect of MeJA on aflatoxin production and growth of Aspergillus flaws. MeJA a t concentrations of 10-3-10-8 M in the growth medium inhibited aflatoxin production, by as much as 96%. Exposure of cultures to MeJA vapour similarly inhibited af latoxin production. The amount of aflatoxin produced depended on the timing of the exposure. MeJA treatment also delayed spore germination and inhibited the production of a mycelial pigment. These fungal responses resemble plant jasmonate responses.
INTRODUCTION
Aflatoxins are highly toxic and carcinogenic secondary metabolites produced by the fungi Aspergillus jams, A . parasiticus and A . nomius. Aflatoxin contamination of agricultural commodities, including corn, cottonseed, peanuts, and many other oil-rich crops such as tree nuts, can occur following Aspergillus spp. infection (Payne, 1992) , and is therefore a public health concern. Aflatoxin levels in crops often rise following exposure to certain stresses such as high temperature and drought (Payne, 1992; Sanders e t al., 1993) . One factor influencing the production of aflatoxin is the presence of high levels of oxidized fatty acids such as fatty acid hydroperoxides (Fanelli & Fabbri, 1989) , often found under stress (Merzlyak, 1990 acting on a-linoleic and a-linolenic acids (Vick, 1993) . These hydroperoxides stimulate the formation of aflatoxin by A . j a w s and A. parasiticus (Fabbri e t al., 1983; Fanelli & Fabbri, 1989) . Degradation of the hydroperoxides by later steps in the plant lipoxygenase pathway leads to multiple byproducts, depending on the polyunsaturated fatty acid substrate, the positional specificity of the lipoxygenase, and the activities of enzymes catalysing the subsequent steps. The aldehydes hexanal, trans-2-hexenal, and trans-2-nonena1, which are hydroperoxide metabolites via hydroperoxide lyase (Vick, 1993) , generally inhibit spore germination (Zeringue & McCormick, 1990 ) and aflatoxin production (Zeringue & McCormick, 1990 ; Zeringue, 1991 ; Zeringue & Bhatnagar, 1994) , although stimulation of aflatoxin production has been observed under some conditions (Fabbri e t al., 1983; Zeringue, 1991) .
Another a-linolenic acid metabolite, via lipoxygenase and hydroperoxide dehydratase, is jasmonic acid (JA) (Vick, 1993) . JA and closely related compounds, such as its methyl ester, MeJA, are endogenous plant growth regulators. Jasmonates appear to be ubiquitous in both higher and lower plants (Staswick, 1992; Sembdner & Parthier, 1993) . The jasmonates regulate a diverse set of responses, including inhibition of pollen and seed germination, altered synthesis of secondary metabolites, suppression of protein synthesis, and the activation of defence responses, in part by altering gene expression (reviewed by Parthier, 1991 ; Staswick, 1992; Sembdner & Parthier, 1993) . MeJA is more volatile than JA, so exposure to it either in solution or in the gaseous phase can elicit plant responses. In addition, it is used as a fragrance in the perfume industry (Staswick, 1992) .
JA was first identified as a plant growth inhibitor when it was isolated from culture filtrate of the fungus Lasiodiplodia (Botyodiplodia) tbeobromae, a plant pathogen (Aldridge et al., 1971) . Reports of direct effects of jasmonates on fungi are limited, and include the inhibition of mycorrhizal fungal growth (Gogala, 1991) and the inhibition of appressoria formation or spore germination in three plant pathogens (Neto et al., 1991 ; Schweizer e t al., 1993 , Cohen et al., 1993 .
Exposure of aflatoxigenic fungi to jasmonates is likely, since the fungi grow on plant material. Thus, we began this study by examining the effects of Me JA on a toxigenic strain of A. flavzts growing in vitro. In this experimental system, effects of MeJA can be studied in a defined medium, and are therefore separable from effects of a plant / fungal interaction.
METHODS
Cultures, media and chemicals. MeJA was a gift from Bedoukian Research. JA, and standards of aflatoxins B,, B, and GI, sterigmatocystin, 0-methylsterigmatocystin and cyclopiazonic acid were purchased from Sigma.
Spores (approximately 6000 in 5 p1 suspension) of A . fEavus strain WRRC 3-90-42-12 (NRRC no. 25347) Spore germination time was determined in both liquid and solid VMN in the presence or absence of M Me JA or JA. The percentage of spores with germ tubes was counted microscopically at various times after inoculation. Regression lines were fitted to a plot of the percentage of germinated spores versus time after inoculation. The time required for 50% germination was used to compare mean germination times among treatments.
For exposure of cultures to airborne Me JA, the MeJA and the fungal inoculum were physically separated by removing a strip of agar (3 mm wide) between them (see Fig. 1 ). Some experiments tested the effects of shorter exposures to MeJA. In one set of these studies, the MeJA (0.2 pl) was added across the gap from the growing culture at defined intervals after inoculation. In a complementary set of studies, Me JA was added at the time of inoculation, but exposure was ended at defined intervals by removing from the plate the entire piece of agar where the MeJA had been applied (on the right in Fig. 1 ). To examine the effect of MeJA treatment on aflatoxin levels in stored nuts, freshly field-harvested unshelled pistachio nuts were partially dried (15 % residual water by weight) and kept in containers at 25 OC, allowing growth of the natural microflora. Each container (30.9 1) held 55 kg pistachios, incubated in either the presence or absence of MeJA vapour. For exposure to the vapour, the pistachios were equilibrated with a 100 p1 pool of MeJA in a watchglass placed above the nuts. The containers were covered but not airtight. After 13 d, 20 randomly chosen samples of 100 nuts from both treatments were removed from the containers for aflatoxin assays. At this time, the pistachios from both containers showed extensive fungal contamination (mostly A . niger, with lesser contamination by Aflatoxin and other biochemical assays. For assay of aflatoxins in pistachio nuts, each 100-nut sample was weighed and ground in a 1 1 blender. One-tenth of the ground material (about 15 g) from each sample was removed for aflatoxin analysis. This material was blended for 1 min with 3 g NaCl in 75 ml methanol/water (60 : 40, v/v) and then centrifuged at 5000 g for 10 min. A 5 ml aliquot of the supernatant was serially diluted to a final dilution of 1 : 5000. Ten millilitres of this dilution was applied to an aflatest-P (VICAM) immunoaffinity column. The column was washed with 2 column vols water, and aflatoxins were then eluted with 2 m l acetonitrile. The acetonitrile was taken to dryness at 40 "C with N,. The residue was derivatized with 200 pl each of trifluoroacetic acid and hexane for 10 min at room temperature, then again taken to dryness at 40 O C with N,, and dissolved in 200 pl acetonitrile/water (1 : 9, v/v). The extract was syringe-filtered and analysed by reverse-phase HPLC (Rodriguez & Mahoney, 1994 
RESULTS

Effects of jasmonates on growth and aflatoxin production of A. flavus in vitro
The aflatoxin which is usually produced at the highest levels by toxigenic strains of A. fzavus is aflatoxin B,, which is also the most potent aflatoxin (Payne, 1992) . We first detected aflatoxin B, 3 d after A. fzavzis inoculation onto VMN. Aflatoxin B, production peaked at about 9 d, falling off gradually thereafter (Fig. 2) . Aflatoxin B, was present only at trace levels. In cultures treated with low4 M Me JA, similar kinetics of aflatoxin production occurred, but the production of aflatoxin was inhibited approximately 80 % throughout the time course (Fig. 2) . Colony growth was essentially unaffected, aside from a slightly smaller (95 % of untreated control) colony diameter through day 7 (data not shown). At day 8, the mean colony diameter was 45 mm for both cultures.
Germination of spores was slightly delayed by Me JA, enough to account for the slight early difference in colony size : on average, 50 % of untreated spores had germ tubes 9.1 h after inoculation. Me J A-treated spores germinated at the same rate, but with a 1.6 h delay. Spore viability was not affected.
Consequently, Me J A inhibited aflatoxin productionper se, and unlike many other inhibitors Rodriguez & Mahoney, 1994) , with no apparent effect on mycelial growth or colony appearance. In contrast with the lack of observed effect on growth, the yellow mycelial pigmentation found in untreated cultures was absent at all concentrations of MeJA tested. Additionally, droplets of undiluted Me J A applied near colonies caused local growth avoidance, and spores in the vicinity of this zone produced a yellow-orange rather than green pigment.
Aflatoxin production was inhibited at all levels of MeJA tested, ranging from to lo-* M (Fig. 3) ; at the highest concentration tested, Me JA treatment reduced aflatoxin production by 96 % 8 d after inoculation.
MeJA also inhibited aflatoxin production by A. fravus growing on other media, such as CYA medium, and on pistachios in storage (described later). Aflatoxin production in cultures treated with M MeJA was 52% that of untreated cultures (which contained a mean of 31 pg aflatoxin B, per plate at day 8) in experiments using CYA, a complex medium (Rodriguez & Mahoney, 1994), compared to 17 % of untreated cultures at day 8 on VMN, a defined minimal medium (Fig. 2) . Substrate composition thus influences the degree of inhibition.
Each of the responses which we observed was more pronounced for MeJA than for JA: JA at equivalent concentrations was less effective at inhibiting aflatoxin production (35 % inhibition at loA4 M in VMN), delaying spore germination, and suppressing mycelial pigmentation. The lower effectiveness of JA compared to MeJA could be due to the unesterified compound (JA) having either a lower biochemical specificity, or an ionic character, which would be expected to lower membrane permeability. and O-methylsterigmatocystin (Payne, 1992) , did not accumulate in cultures treated with M MeJA (TLC plate not shown). The inhibition is thus likely to be prior to the formation of these compounds in the aflatoxin biosynthetic pathway. Inhibition may occur prior to the formation of the coloured anthroquinone intermediates early in the pathway, although the identity of the pigment(s) absent in mycelia of Me JA-treated cultures is not known. Levels of another secondary metabolite 2834 produced by A . javus, cyclopiazonic acid (Luk e t al., 1977) , were unaffected by treatment (TLC plate not shown), demonstrating that the inhibition of aflatoxin production could be a specific effect, rather than a general one on secondary metabolism.
Effect of exposure to gaseous MeJA on aflatoxin production in vitro and on pistachio nuts
Inhibition of aflatoxin production occurred whether colonies were exposed to MeJA incorporated into the solid medium, or exposed to it in the gaseous phase. In experiments where MeJA was applied opposite a gap in the agar medium from the colony, it was similarly effective at reducing aflatoxin levels (Fig. 4) . Thus, a source of Me JA need not necessarily be at the site of fungal growth to inhibit aflatoxin production.
A limited exposure to airborne MeJA was sufficient to reduce the production of aflatoxin. Exposure for only 6 h after inoculation was sufficient to inhibit total aflatoxin production by 39 % at day 8 (Fig. 4a) . This is remarkable, because 6 h after inoculation is prior to germ tube emergence (see earlier) : exposure of single-celled germinating spores to MeJA inhibited aflatoxin production of the large (45 mm) multicellular colonies developing from them. Exposure for either 2 or 8 d after inoculation resulted in maximum inhibition, despite the increase in colony diameter from 20 to 45 mm between 2 and 8 d (an increase in area of nearly threefold). These results suggest that new fungal mycelia growing after Me JA exposure has ended retain Me JA-induced inhibition of aflatoxin production. Complicating this interpretation is the observation that part of the total inhibition at 8 d was potentially due to residual MeJA vapour in the Petri dishes after removal of the source of MeJA. Twelve percent inhibition was found in plates inoculated after pretreatment with MeJA (plates incubated for 6 h with MeJA as illustrated in Fig. 1 , followed by removal of source, then inoculation). Thus, the net inhibition after a limited-duration exposure appears to be due to a combination of continuing inhibition after removal of Me J A, and traces of residual MeJA, which are less effective, but still potent.
Exposure to Me JA was required early, when conditions are favourable for spore germination and growth, to achieve inhibition of aflatoxin biosynthesis in vitro. Airborne MeJA applied 6 h after inoculation onto a favourable growth medium was partially effective at reducing later aflatoxin production, but application 3 d or more after inoculation was completely ineffective (Fig.  4b) . Pretreatment of spores with MeJA prior to inoculation was also ineffective (data not shown). The inhibition of aflatoxin production thus requires exposure within an early phase of growth.
We also tested the effectiveness of airborne MeJA treatment on field strains of aflatoxin-producing fungi growing on a natural substrate, pistachio nuts. The natural microflora was allowed to grow on incompletely dried pistachios (15 % residual moisture) for 13 d in the Jasmonate inhibition of aflatoxin production presence or absence of MeJA vapour, prior to assaying aflatoxin levels. At this time, no difference in extent of fungal contamination was noted between treatments, and some nuts in both treatments were visibly infected by A . javxr. Both aflatoxins B, and G, were detected in random samples of nuts, although the maximum levels of aflatoxin B, formed were higher than those of G, (Fig. 5) . Aflatoxin B, is produced by both A . fEavtrs and A . parasiticzls, whereas aflatoxin G, is produced by A. parasiticw (Payne, 1992) . The natural microflora thus included both A . j'avzls and A . parasiticfix.
The aflatoxin levels assayed in the nuts showed characteristic variability, with skewed (non-normal) distributions (Fig. 5) . MeJA-treated nuts had lower levels of both aflatoxins B, (Fig. 5a ) and G, (Fig. 5b) than untreated nuts; the reduction in sampled aflatoxin levels is significant (99Y0, sign test). Based on these samples, MeJA treatment may be more effective against aflatoxin B, production than against G, production (compare Fig. 5a,  b) . Six out of 20 of the untreated samples exceeded the highest levels of aflatoxin B, formed in the presence of MeJA (Fig. 5a) ; the MeJA-treated nuts also had more samples with trace or no detectable aflatoxin (Fig. 5) . Overall, nuts incubated with Me JA vapour had mean aflatoxin B, levels 17% and aflatoxin G, levels 56% of those of untreated nuts. Total aflatoxins in the MeJAtreated nuts were thus 20 YO of untreated nuts (799 pg and 3997 pg, respectively). These data demonstrate a broad effectiveness of MeJA on inhibition of production of aflatoxins by field strains of A . j a v m and A . parasiticm growing on plant material, at least in pistachios.
DISCUSSION
Jasmonate production by fungi
Me J A inhibited aflatoxin production at levels lower than those reported for other plant-derived compounds inhibiting aflatoxin biosynthesis (reviewed by , including compounds likewise derived from fatty acid hydroperoxides (Fabbri e t al., 1983; Zeringue & McCormick, 1990; Zeringue & Bhatnagar, 1994) . For example, in the presence of 2 pM hexanal, A. parasiticas shows radial growth 76% and aflatoxin B, production 56 % that of untreated cultures (Zeringue & Bhatnagar, 1994) ; lower levels may be effective, but were apparently not tested.
Me JA was effective at reducing aflatoxin B, production at concentrations at least as low as M (Fig. 3) . Because of its effectiveness at submicromolar concentrations, and its residual effectiveness after exposure has ended (Fig.  4a) , it is unlikely to directly affect enzymic activity. Instead, this high potency, and the observation of additional effects on pigmentation and spore germination, suggest a regulatory response mediated by a receptor. The observed level of effectiveness is probably an underestimate for two reasons. First, commercial preparations of jasmonates contain two enantiomers, only one of which may be physiologically active in plants (Vick, 1993) . Second, since it is volatile, some MeJA originally in the medium will be lost over time. A high specificity for MeJA is also indicated by the lesser effectiveness of the structurally related compound JA, as noted above.
One of the A . flava.r responses triggered by this putative receptor is an apparent inhibition of the biosynthesis or (indirectly) the activity of an enzyme or enzymes in the aflatoxin biosynthetic pathway. This and the other responses we observed to MeJA have parallels in plant systems, in which MeJA acts as a growth regulator: jasmonates affect the production of many secondary metabolites (Parthier, 1991 ; Sembdner & Parthier, 1993 ; Aerts et al., 1994) and pigments, and delay pollen germination (Parthier, 1991 ; Sembdner & Parthier, 1993) . The range of effective concentrations and the kinetics of Me JA responses in plants are remarkably similar to those observed for A . j h~s .
The similarity of the A . javtrs responses to Me JA, and their pleiotropic nature, suggests that MeJA may act as a growth regulator in this fungus. At least two species of fungi, both plant pathogens, produce jasmonates (Aldridge et a/., 1971 ; Miersch et a/., 1992) , and many others produce the fatty acid precursor alinolenate (Staswick, 1992 (Fernando & Bean, 1986 Inhibition of fungal spore germination by jasmonates has been previously reported for two other fungi, both plant pathogens (Neto et al., 1991; Cohen e t al., 1993) . In addition, growth of other structures of plant symbiotic or pathogenic fungi is inhibited (Gogala, 1991 ; Net0 et al., 1991 ; Schweizer et al., 1993) or stimulated (Cohen e t al., 1993) by jasmonates. Other metabolites of the polyunsaturated fatty acids a-linolenate and a-linoleate also affect fungal growth (Zeringue & McCormick, 1990; Gogala, 1991; Net0 et al., 1991) . Metabolites of arachidonic acid, a polyunsaturated fatty acid synthesized by animals and many fungi (but not found in A. j a w s or higher plants), can elicit plant defence responses (Choi et al. , 1994) , and are important endogenous regulatory molecules in animals and some fungi (Sembdner & Parthier, 1993; Choi e t al., 1994) . Thus, the potential importance of jasmonates and structurally related compounds as fungal regulatory molecules is significant.
MeJA and aflatoxin control
Fatty acid hydroperoxides stimulate aflatoxin production (Fabbri e t al., 1983; Fanelli & Fabbri, 1989) , whereas several of their metabolites, including various aldehydes (Zeringue & McCormick, 1990 ; Zeringue, 1991) and jasmonates (noted here), generally inhibit aflatoxin production. The net result of simultaneous exposure of A. j a m s cultures to fatty acid hydroperoxides and their metabolites is not known. Effects in different systems may depend on many factors, such as the fatty acid substrate, lipoxygenase specificity, and the levels of various other enzymes involved in hydroperoxide metabolism.
Much interest has been focused on factors providing crop resistance to aflatoxin contamination. Soybeans, unlike many other oilseeds, are resistant to aflatoxin contamination (Doehlert et al., 1993) . Soybean oil is high in alinoleic and a-linolenic acids, and soybeans contain an active lipoxygenase capable of forming the 13(S)-hydroperoxides from these fatty acids ; the lipoxygenase pathway has been implicated as one important factor in the resistance of soybeans (Doehlert et al., 1993) . Hexanals and hexenals, which have antifungal properties, are suspected to be involved, although detected levels of hexenals derived from a-linolenate are lower than the levels anticipated to inhibit aflatoxin production (Doehlert e t al., 1993) . This suggests that resistance could be due at least in part to the conversion of 13-hydroperoxylinolenate by either the fungus or soybeans to alternative products, e.g. jasmonates.
Me JA could be a useful tool for elucidating the control of the aflatoxin biosynthetic pathway. Our observation that the timing of MeJA exposure was critical to its effectiveness in A.jantls (Fig. 4) is consistent with studies of the suppression of aflatoxin biosynthetic capability by protein and RNA synthesis inhibitors in A . parasiticzu (Buchanan etal., 1987; Cleveland & Bhatnagar, 1989) . Both types of studies have demonstrated that commitment to aflatoxin production occurs early in the growth of these fungi.
The effectiveness of Me JA further suggests a potential use in control of the production of aflatoxin in susceptible commodities. Since Me JA is a plant growth regulator, use in the field for aflatoxin control is not advisable. However, aflatoxin contamination can also occur postharvest, if the crop is not properly dried and stored (Payne, 1992) . Based on our observations with pistachios, exposure to Me JA is likely to reduce levels of aflatoxin contamination which would otherwise occur in cases where the crop has been incompletely dried (Fig. 5) , or accidentally or deliberately wetted. Our in nitro studies suggest that a brief exposure (i.e. 2 d ; Fig. 4a ) at this stage may be sufficient to minimize contamination. Including a source of MeJA in crop storage areas could be an effective, simple and safe means of reducing postharvest aflatoxin production.
